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Male sex determination in mammals is induced by
Sry, a gene whose regulation is poorly understood.
Here we show that mice mutant for the stress-
response gene Gadd45g display complete male-
to-female sex reversal. Gadd45g and Sry have a
strikingly similar expression pattern in the genital
ridge, and they are coexpressed in gonadal somatic
cells. InGadd45gmutants, Sry expression is delayed
and reduced, and yet Sry seemed to remain poised
for expression, because its promoter is demethy-
lated on schedule and is occupied by active histone
marks. Instead, p38 MAPK signaling is impaired in
Gadd45gmutants. Moreover, the transcription factor
GATA4, which is required for Sry expression, binds
to the Sry promoter in vivo in a MAPK-dependent
manner. The results suggest that a signaling
cascade, involving GADD45G / p38 MAPK /
GATA4/ SRY, regulates male sex determination.
INTRODUCTION
In mammalian sex determination, the commitment toward the
male or female lineage depends on the Y-chromosome-linked
gene Sry (Kashimada and Koopman, 2010; Nikolova and Vilain,
2006; Sekido and Lovell-Badge, 2009). This HMG box transcrip-
tion factor directs the initially bipotential gonadal Anlage toward
a male (XY) fate and suppresses the female (XX) program. In
mammals, Sry is expressed during early gonad development in
somatic cells of XY genital ridges and induces supporting cell
precursors to differentiate as Sertoli cells rather than female
granulosa cells. Without normal Sry expression, gonads develop
as ovaries or ovotestes. Important for this study, normal Sry
expression is required during a narrow 6 hr timewindowbetween
E11.0 and E11.25 for male sex determination in mice (Bullejos
and Koopman, 2005; Hiramatsu et al., 2009). Thus, a key to
the induction of the male program is that the Sry expression level
exceeds a specific threshold during this window; otherwise, sex
reversal occurs.
Sry gene regulation is still incompletely understood. Genes
whose targeted disruption leads to reduced Sry expression
and results in XY sex reversal include IGF receptors, Wt1,
Fog2, Gata4, and Cbx2 (M33) (Kashimada and Koopman,1032 Developmental Cell 23, 1032–1042, November 13, 2012 ª20122010). More recently, mice mutant for Map3k4 were shown
to display reduced Sry expression and sex reversal (Bogani
et al., 2009).
GADD45A,B,G comprise a small family of stress-response
proteins, which mediate diverse cellular processes, including
DNA repair, apoptosis, cell cycle arrest, and senescence
(Hollander and Fornace, 2002; Liebermann et al., 2011). They
also function in gene activation by promoting DNAdemethylation
and MAPK signaling. In DNA demethylation, GADD45 recruits
DNA repair factors to gene-specific loci to initiate demethylation
and gene activation (Barreto et al., 2007; Niehrs and Scha¨fer,
2012). In MAPK signaling, GADD45G binds and activates
MAP3K4 to promote phosphorylation and activation of the p38
and c-Jun N-terminal kinases (JNKs) (Chi et al., 2004; Lu et al.,
2001; Takekawa and Saito, 1998).
The role of Gadd45 genes in tumor and autoimmune suppres-
sion and UV response is well characterized in cultured cells and
adult mice (Liebermann et al., 2011). In zebrafish, Medaka, and
Xenopus development, Gadd45 genes are involved in neural
and somite development (Niehrs and Scha¨fer, 2012). However,
in contrast to lower vertebrates, Gadd45 genes in mice are
thought to be dispensable for embryonic development, because
adult mutant mice are viable and do not present obvious malfor-
mations (Gupta et al., 2006; Hoffmeyer et al., 2001; Hollander
et al., 1999; Ijiri et al., 2005; Lu et al., 2001).
We have analyzed Gadd45g mutant mice (Cai et al., 2006;
Hoffmeyer et al., 2001), and discovered that the gene plays a
critical role in male embryonic sex determination. Gadd45g
mutant mice show complete male-to-female sex reversal and
fail to activate male-specific gonadal markers during embryo-
genesis. Gadd45g is specifically expressed in gonadal somatic
cells and is required for normal expression of Sry. Rather than
promoting DNA demethylation of the Sry promoter, GADD45G
functions by activating the MAPK pathway and GATA4, which
is critical for Sry expression. Our results establish a role for
GADD45G as major developmental regulator in gonad develop-
ment and suggest a signaling cascade required for Sry
transactivation.
RESULTS
Gadd45g Mutant Mice Show Male-to-Female
Sex Reversal
Although Gadd45g homozygous mutant mice showed no gross
developmental or other abnormalities, we noted that they display
a strong female sex bias as judged by external genitalia, with onlyElsevier Inc.
Figure 1. Male-to-Female Sex Reversal in Gadd45g Mutant Mice
(A) External genitalia of adult Gadd45gmutant and control mice. The distance
between anus and penis or vagina is indicated.
(B) Gross anatomy of isolated internal genitalia and associated reproductive
organs from adult Gadd45g mutant and control mice.
(C) Gross morphology of dissected genital ridges from Gadd45g mutant and
control embryos at E14. Scale bar represents 250 mm.
(D) H&E staining on transversal sections of Gadd45g mutant and control
embryos at E14.WT, wild-type; G45g,Gadd45g. Scale bar represents 100 mm.
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Male Sex Determination in Mice Requires GADD45G3.5%males obtained (n = 141). However, Y-chromosome geno-
typing revealed the expected number of genetic males (53.2%)
amongGadd45g/mice. This suggested that a male-to-female
sex reversal has occurred in mutant mice. Indeed, not only were
the external genitalia of Gadd45g/;XY mice indistinguishable
from those of wild-type females (Figure 1A), but also their internal
reproductive organs closely resembled those of wild-type
females and had ovaries and uteri of comparable size and shape
(Figure 1B). TheGadd45g/;XY female mice were infertile when
mated to wild-type males, while Gadd45g/;XX females were
fertile and produced fertile offspring.
We assessed the morphology of fetal gonads at embryonic
day (E) 14, when gonadal somatic cell types have differentiated
and morphological differences between males and females are
apparent. Gadd45g/;XY gonads at this stage lacked testis
cords and were smaller, as is characteristic of female embryonic
gonads (Figures 1C and 1D).
Thus, the sex-reversal phenotype of Gadd45g/;XY mice re-
sulted from defective fetal testis development. Mice with muta-
tions in genes that are important in both sexes for the formation
of the bipotential gonadal primordia, such as Wt1, SF1, Emx2,
and Lhx9, lack normal male and female gonads, but develop
as females (Brennan and Capel, 2004; Hammes et al., 2001;
Kashimada and Koopman, 2010; Sekido and Lovell-Badge,
2009). Gata4 is also expressed in undifferentiated gonads of
both sexes, but acts specifically in male sex determination,
causing male-to-female sex reversal when mutated in mice
(Tevosian et al., 2002).
We analyzed the expression of these bipotential markers in
embryos using the number of tail somites (ts) for accurate
staging (for comparison with embryonic day staging see Supple-Developmentamental Experimental Procedures). Sexual fate is determined
in the bipotential gonad at 9–15 ts and gonadal somatic cells
differentiate from 16 ts onward. The expression of bipotential
markers wasmostly unchanged inGadd45g/;XYmice (Figures
2A and 2B; Figure S1 available online). These results suggest
that the Gadd45g mutation does not affect the specification of
the bipotential gonadal Anlage, but rather a subsequent step
leading to male sex determination. In contrast, Sox9, a key regu-
lator of Sertoli cell differentiation (Kobayashi et al., 2005), was
not expressed in Gadd45g/;XY gonads (Figures 2C, 3I, and
S2A). Likewise, expression of Fgf9, which acts in a positive
feedback loop with SOX9, was absent (Figure S2B), whereas
Dax1, which is involved in the regulation of Sox9, was only
slightly downregulated in mutants (Figure S2D). To assess late
testicular differentiation, we analyzed Dhh and Amh, which are
expressed in Sertoli cells, and found that both markers were
absent in Gadd45g/;XY gonads at E12.0 and E13.5 (Figures
2D and 2E and data not shown). These results indicate that the
early male gonad specification is permanently interrupted in
Gadd45g/;XY gonads.
Consistent with an early embryonic sex reversal,Gadd45g/;
XY gonads expressed female marker genes. Wnt4 and Rspo1
are first expressed in the bipotential gonad and are subsequently
required for female development (Brennan and Capel, 2004; Ka-
shimada and Koopman, 2010; Sekido and Lovell-Badge, 2009).
Wnt4 and Rspo1 were expressed in mutant gonads of both
sexes at 13/14 ts (Figures S2C and S2D and data not shown).
However, at 17/18 ts (E11.5) and E12, when sexual dimorphic
expression becomes apparent, both markers were ectopically
expressed in Gadd45g/;XY mice (Figures 2F, S2C, and S2D).
Foxl2 and Fst are induced at E11.5 and are specifically in females
required for granulosa cell and follicle development. Both were
expressed in Gadd45g/;XY gonads (Figures 2G, 2H, and
S2D), corroborating complete sex reversal molecularly.
Gadd45g Is Required for Normal Sry Expression
The results raised the question of where and when Gadd45g is
expressed in the early embryonic male gonad. The analysis re-
vealed that Gadd45g is specifically expressed in the embryonic
gonad, in a pattern highly reminiscent ofSry, but preceding it.We
observed prominentGadd45g expression by in situ hybridization
(ISH) in thewhole gonad at 11/12 ts whenSry is expressed only in
the center of the gonad (Figure 3A and 3B). In addition,Gadd45g
was already detected at 9/10 ts by quantitative RT-PCR (qPCR),
whereas Srywas not present at this stage (Figure 3D), consistent
with the reported Sry onset at 11 ts (Bullejos and Koopman,
2001). Gadd45g was strongly upregulated until 13/14 ts, when
its expression plateaued until 17/18 ts and gradually decreased
thereafter. Interestingly, in the female gonad Gadd45g was also
expressed and with the same kinetics as in the male gonad (data
not shown), despite the fact that female mutants had no obvious
defects. Sry expression in the male embryonic gonad repro-
duced the described kinetics (Bullejos and Koopman, 2001),
peaking at 17/18 ts and followed by rapid downregulation
(Figures 3B and 3H). Sox9 was upregulated at 15/16 ts and
stayed expressed in the genital ridge, as reported (Figures 3C
and 3I) (Kidokoro et al., 2005; Morais da Silva et al., 1996).
The expression of Gadd45g before Sry suggests that
GADD45Gmight play a role in regulating Sry. Indeed, the normall Cell 23, 1032–1042, November 13, 2012 ª2012 Elsevier Inc. 1033
Figure 2. Sex Reversal of Gonadal Marker
Gene Expression in Gadd45g Mutant Mice
In situ hybridization of the indicated probes on
transversal gonadal sections of Gadd45g mutant
and control embryos at indicated stages. The
outline of unstained gonads is marked with black
dotted lines. CO, control (either Gadd45g+/+ or
Gadd45g+/ mice); G45g, Gadd45g. Scale bar
represents 100 mm. See also Figures S1 and S2.
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heterozygotes and 4 ts in homozygous mutants (Figures 3E–
3H). As a consequence, Sry expression in Gadd45g/;XY
mice was reduced to 25% of wild-type level during the critical
time window between 11 ts and 15 ts, when Sry is required for
sex determination (Hiramatsu et al., 2009). Moreover, qPCR
analysis confirmed that Sox9 is never expressed above basal
levels in Gadd45g/;XY mice (Figure 3I). Sox9 was strongly
induced at 15 ts in XY wild-type embryos, whereas this induction
was delayed in heterozygotes (Figures 3C and 3I).
Reduced Sry transcripts in Gadd45g mutants could be due
either to fewer cells expressing Sry or to reduced expression
per cell (Schmahl andCapel, 2003). In vivo BrdU labeling showed
no decrease in the number of dividing gonadal cells in mutants at
13/14 ts (Figures S3A and S3B), whereas ISH on sections of
Gadd45g mutant gonads showed weaker Sry expression levels
per cell in mutants at 15/16 ts (Figure S3C). These results indi-
cate that sex reversal in Gadd45g mutant mice is caused by
the delayed and reduced Sry expression, conditions which are
known to inhibit normal male sex determination in other mouse
models (Albrecht et al., 2003; Bullejos and Koopman, 2005;
Hiramatsu et al., 2009).
Gadd45g Is Coexpressed with Sry and Sox9
The specific expression of Gadd45g in the early embryonic
gonad and its requirement for normal Sry expression suggested
that Gadd45g may be coexpressed with Sry and hence cell-
autonomously regulate Sry expression. To analyze this, we
raised GADD45G antibodies and also tested commercially
available antibodies, but were unable to detect the protein by
immunofluorescence. We therefore performed mRNA colocali-
zation analyses using double-fluorescence ISH to analyze coex-1034 Developmental Cell 23, 1032–1042, November 13, 2012 ª2012 Elsevier Inc.pression with Sry. Gadd45g positive
(Gadd45g+) cells were observed
throughout the genital ridge at 13/14 ts
(Figures 4A–4D and S4A). A total of 89%
of Gadd45g+ cells were positive for
SF1, a marker of somatic gonadal cells
(Ikeda et al., 1994). Importantly, 72% of
Gadd45g+ cells also coexpressed Sry
(Figures 4B and S4A). Cells that were
only Gadd45g+ may not have yet up-
regulated Sry, becauseGadd45gwas ex-
pressed before Sry. A total of 28% of the
cells were only Sry+, and these cells may
have already downregulated Gadd45g.
Sox9 was coexpressed in 25% of
Gadd45g+ cells at 15/16 ts (Figures 4CandS4A). Themajority of single positive cellsmay represent cells
whereSox9was not yet induced, or whereGadd45gwas already
downregulated, becauseGadd45g was expressed with a kinetic
profile offset relative toSox9 (Figures 3A, 3C, and 3D). In contrast
to SF1, Sry, or Sox9, the germ cell marker Oct4 was never coex-
pressed with Gadd45g in the same cells (Figures 4D and S4A).
The results indicate thatGadd45g is coexpressedwith Sry and
Sox9 in somatic cells. To corroborate thatGadd45g is expressed
in somatic cells and not in primordial germ cells, we made use of
reporter mice that express EGFP under the control of a SF1
promoter, marking SF1+ somatic cells in the male gonadal
Anlage (Stallings et al., 2002). We purified SF1+ cells by fluores-
cence-activated cell sorting (FACS) from dissociated genital
ridges of 8 ts and 18 ts embryos and detected a GFP negative,
a weakly GFP-expressing (GFP+), and a highly GFP-expressing
population (GFP++) (Figure S4B). Expectedly, endogenous SF1
expression was high in the GFP++ population (Figure S4B), low
in the GFP+ population at 8 ts, and absent in the GFP negative
population. The GFP negative cells most likely represent meso-
nephric and primordial germ cells.
In 18 ts genital ridges, Gadd45g, Sry, and Sox9 expression
was highly enriched in the GFP++ population, indicating that
this fraction contained pre-Sertoli cells. In contrast, their expres-
sion was low to undetectable in GFP+ and GFP cells (Figures
4E–4G). Conversely, Oct4 was expressed only in the GFP
and GFP+, but not the GFP++, populations (Figure 4H). This
distinct expression profile of Gadd45g and Oct4 was already
observed at 8 ts, whenSry andSox9were not yet induced. Taken
together these results strongly indicate that (1) Gadd45g-
expressing cells coexpress Sry and Sox9 and hence represent
somatic and pre-Sertoli cells, and (2) Gadd45g precedes Sry
and Sox9 expression.
Figure 3. Sry Expression Is Reduced in Gadd45g Mutants
(A–C) Expression kinetics by WISH of the indicated probes on wild-type embryos at 7–22 ts. Shown are dissected genital ridges with the mesonephros on the
right, the gonad on the left side, and anterior oriented to the top.
(D) qPCRexpression kinetics of the indicated genes in genital ridges of wild-type embryos at 9–23 ts. Data are normalized to Tbp andmaximal expression for each
gene was set to 100%. Error bars show SD, nR 3.
(E–G) Sry expression kinetics analyzed by WISH on Gadd45g wild-type (E), heterozygous (F), and homozygous (G) mutant XY embryos at 10–20 ts. Shown are
dissected genital ridges as above.
(H and I) qPCR of Sry (H) and Sox9 (I) in genital ridges of Gadd45gmutant and control embryos at 9–23 ts normalized to Tbp. Data are represented as mean and
peak expression was set to 100%. Error bars show SD, nR 3. G45g, Gadd45g. Scale bar represents 250 mm.
See also Figure S3.
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in Gadd45g Mutants
Gadd45 genes have been implicated in promoting DNA deme-
thylation and transcriptional activation of target gene promoters
(Niehrs and Scha¨fer, 2012). Furthermore it is known that the Sry
promoter is demethylated at the time of Sry induction and that
this demethylation is required for Sry reporter gene expression
in vitro (Nishino et al., 2004).
We therefore characterized which region of the Sry gene is
demethylated during gonad development and mapped methyla-
tion of the coding region, the proximal promoter, a promoter
further upstream giving rise to a circular transcript (‘‘circular
promoter’’), and a distal region located in an inverted repeat
(Hacker et al., 1995; Nishino et al., 2004) (Figures 5A and S5A).
We compared the methylation level of CpG dinucleotides
of FACS-sorted GFP positive gonadal cells to GFP negative
(mostly mesonephric) cells by 454 bisulfite pyro-sequencing.
Because Sry is never expressed in the mesonephros and the
methylation level of all analyzed CpGs in the mesonephros was
constantly close to 100% (Figures S5B and S5C), the meso-
nephros served as negative control for demethylation. Methyla-
tion of the coding region was comparable between GFP++
gonadal cells and GFP negative (mesonephric) cells at E11.5
(Figure S5C). Similarly, in the circular promoter only the CpGDevelopmentaat 2,613 bp was partially demethylated by 22.5% relative to
mesonephros (Figure S5C). In contrast, in the proximal promoter
CpGs at647 bp,561 bp, and535 bp were demethylated by
more than 45%andCpGs at294 bp and574 bp bymore than
20%, whereas the CpG at 438 bp remained methylated
(Figures S5Band S5C). Thus, Sry demethylation was most pro-
nounced in the proximal promoter, consistent with previous
observations (Nishino et al., 2004).
We therefore monitored Sry proximal promoter demethylation
using FACS-purified GFP++ gonadal cells at 5/6 ts to 15 ts,
as well as in dissected 22 ts gonadal cells. We observed
a gradual demethylation of the proximal promoter, beginning
as early as 5/6 ts (Figure 5B). By 22 ts all CpGs were demethy-
lated from initially over 90% to 20% or less, except for the
CpG at 438 bp, which remained at 60% methylation. Thus,
demethylation of the Sry promoter at 5/6 ts is one of the earliest
male-specific molecular events in gonadal cells, preceding the
onset of Sry expression (around 10 ts).
However, GADD45G does not seem to be involved in Sry
demethylation. We analyzed the CpG methylation of both DNA
strands in the proximal promoter of Gadd45g/;XY mice and
control mice at 8/9 ts (FACS-purified GFP++ gonadal cells) and
15 ts (dissected gonads). No significant hypermethylation was
observed in Gadd45g/;XY mice at any of the tested CpGs atl Cell 23, 1032–1042, November 13, 2012 ª2012 Elsevier Inc. 1035
Figure 4. Gadd45g Is Coexpressed with Sry in Pre-Sertoli Cells
(A–D) Double-fluorescence ISH with probes for SF1 (A), Sry (B), Sox9 (C), andOct4 (D) (red) andGadd45g (green) on sagittal sections of wild-type embryos at 13/
14 ts (A, B, D) and 15/16 ts (C). Representative cells double positive (++) and single positive (+ or +) for only one marker are labeled by arrows in the color
channel overlay (left). In the magnifications of these cells (middle), each channel is separately shown and the perimeter of nuclei is marked by a red dotted line.
Note that transcripts were scored as colocalized if their signals are both detected within one cell. Quantification shows the proportion of Gadd45g positive cells
that were not (negative) or were (positive) coexpressing SF1, Sry, Sox9, orOct4 (right). Error bars show SD, n = 3. Scale bars represent 25 mm (A–D, left) or 10 mm
(A–D, middle).
(E–H) qPCR of the indicated genes on nonsorted (pool) and FACS-sorted cells from urogenital ridges of SF1-EGFP embryos at 8 and 18 ts normalized to Tbp.
Expression level of the pool at 18 ts was set to 1; shown are representative experiments. G45g, Gadd45g.
See also Figure S4.
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and438 bp showedminor hypermethylation inGadd45g/;XY
mice, but the low magnitude is unlikely of physiological signifi-
cance. We conclude that in Gadd45g mutants, Sry promoter
demethylation is mostly unaffected. However, it cannot be1036 Developmental Cell 23, 1032–1042, November 13, 2012 ª2012excluded that DNA methylation of other genes relevant for sex
determination is affected.
We analyzed the chromatin status of Sry by chromatin immu-
noprecipitation (ChIP) for the active marks H3K4me3 and H3ac.
The results showed that the Sry promoter is enriched for theElsevier Inc.
Figure 5. Progressive Sry Promoter Demethylation Is Unchanged in Gadd45g Mutants
(A) Scheme of the mouse Sry locus indicating CpGs in the proximal promoter and the genomic region analyzed by bisulfite sequencing. The CpG positions are
indicated relative to the start codon.
(B–D) Methylation levels of CpGs in the proximal Sry promoter analyzed by 454 bisulfite sequencing (nR 500). (B) CpGmethylation kinetics on the Sry coding ()
strand in FACS-purified gonadal GFP++ cells at 5–13 ts, dissected gonads at 15 ts and 22 ts, and mesonephric cells at 5 ts of SF1-EGFP embryos. (C, D) CpG
methylation in FACS-purified gonadal andmesonephric cells at 8/9 ts (C) and dissected gonads andmesonephroi at 15 ts (D) ofGadd45g;SF1-EGFPmutant and
control embryos. Analyzed was the noncoding (+) strand (top) and Sry coding () strand (bottom). Meso, mesonephros.
See also Figure S5.
Developmental Cell
Male Sex Determination in Mice Requires GADD45Gactive marks (Figures S5D and S5E). Interestingly, the distribu-
tion of H3K4me3 was unchanged in Gadd45g mutants, like for
DNA demethylation of Sry (Figure S5F). Thus, the Sry locus
may be epigenetically poised for expression in embryonic
gonads.
Gadd45g Is Required for MAP Kinase Signaling
In search of an alternative mechanism whereby GADD45G
functions in male gonadal development, we noted that MAPK
signaling has been implicated in sex determination and that
mutations in Map3k4 and Map3k1 cause male-to-female sex
reversal and testis abnormalities, respectively (Bogani et al.,
2009; Warr et al., 2011). Activation of MAPK signaling is one of
the best-documented cellular functions of GADD45 family
members (Chi et al., 2004; Lu et al., 2001; Takekawa and Saito,
1998). Importantly, GADD45G specifically activates MAP3K4
and thereby p38 signaling in various cell types, suggesting that
GADD45Gmay also regulate MAPK signaling during male gonad
development.
We found that p38 is robustly phosphorylated in genital ridges
compared to the mesonephros at 18 ts (Figure 6A), confirming
that this MAPK cascade is functionally active during earlyDevelopmentagonadal development (Bogani et al., 2009; Ewen et al., 2010).
JNK1/2 and ERK1/2 were phosphorylated to similar levels in
genital ridges and mesonephros (Figure S6A). We therefore
tested GADD45G-induced p38 activation by a gain-of-function
approach in dissociated gonadal cells. Electroporation of
Gadd45g increased phospho-p38 (Figure 6B), indicating that
GADD45G is sufficient to drive MAPK signaling in gonadal cells.
Conversely, phospho-p38 was reduced in Gadd45g/;XY
embryonic gonads (Figure 6C). Thus, GADD45G is both neces-
sary and sufficient for p38 activation in embryonic gonads.
To corroborate the involvement of p38 signaling in Sry regula-
tion,we established culture of genital ridge explants (FigureS6B).
Explants were dissected at 7/8 ts and cultivated overnight in the
presence of SB202190, a specific p38 signaling inhibitor (Bogani
et al., 2009), and this led to a complete inhibition of Sry expres-
sion, while SF1 was slightly induced (Figure 6D). Conversely,
treating explants at 13–18 ts with Anisomycin, a broad MAPK
agonist (Hazzalin et al., 1996), or sorbitol osmotic shock, which
is known to activate p38 (Cheng et al., 2002), upregulated Sry
expression (Figure 6E and data not shown). Furthermore, Aniso-
mycin treatment rescued Sry expression in Gadd45g mutant
explants at 15/16 ts, but only partially, suggesting that otherl Cell 23, 1032–1042, November 13, 2012 ª2012 Elsevier Inc. 1037
Figure 6. GADD45G Regulates p38 MAPK-
Mediated Sry Induction
(A–C) Western blot analysis of (A) gonads and
mesonephroi of male wild-type embryos at 18 ts;
(B) dissociated gonadal cells electroporated with
GADD45G or EGFP expression plasmids and
2.5 hr culture; and (C) gonads from Gadd45g
mutant and control embryos at 16 ts.
(D) qPCR of Sry and SF1 in urogenital ridges
harvested at 7/8 ts and cultured o/n with DMSO,
MEK1/2 inhibitor U0126, or p38 inhibitor
SB202190. Data are represented as mean, error
bars show SD, nR 6.
(E) Sry WISH on urogenital ridge explants from
Gadd45g mutant and control embryos harvested
at 15/16 ts and cultured for 1 hr withMAPK agonist
Anisomycin or DMSO.
(F and G) Western blot analysis of mesonephroi,
gonads, or heart (as GATA4 positive control) after
culture of explants (F) dissected at stage 7–10 ts
and treated with SB202190 or DMSO o/n or (G)
dissected at stage 14–17 ts and treated with Ani-
somycin or DMSO for 30 min.
(H) Top: Scheme of the proximalSry promoter with
GATA4 consensus binding sites and amplicons
analyzed by ChIP. Bottom: GATA4 ChIP analysis
of the Sry promoter on gonads and mesonephroi
from urogenital ridges treated with SB202190 or
DMSO. Enrichment is normalized to the input and
represented relative to the Sry distal region; error
bars show SE, n = 3.
CO, control (either Gadd45g+/+ or Gadd45g+/
mice); G45g, Gadd45g; ***p < 0.00001; n.s., not
significant; meso or me, mesonephros; he, heart;
*p < 0.05. Scale bar represents 250 mm. See also
Figure S6.
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Sry expression. Even though off-target effects of the pharmaco-
logical modulators cannot be excluded, these experiments
support that GADD45G regulates Sry via p38 MAPK signaling.
In search of transcription factors that could regulateSry down-
stream of p38 MAPK signaling, we noticed that Sry expression is
reduced in mutant mice with disrupted GATA4 and FOG2 inter-
action (Tevosian et al., 2002), possibly due to direct regulation
of Sry (Miyamoto et al., 2008). The transcriptional activity of
GATA4 also happens to be regulated by MAPK phosphorylation
(Kerkela¨ et al., 2002; Liang et al., 2001; Morimoto et al., 2000).
We observed that inhibition of p38 signaling in genital ridge
explants resulted in a marked decrease in GATA4 phosphoryla-
tion (Figure 6F). Conversely, Anisomycin treatment of explants
resulted in increased activation of GATA4 (Figure 6G). Corrobo-
rating these data, in the companion paper, Warr et al. (2012,
this issue of Developmental Cell) show that GATA4 phosphoryla-
tion is significantly decreased inGadd45gmutant gonads. There
are two consensus GATA regulatory motifs within the proximal
Sry promoter (Figure 6H). To test their in vivo relevance, we
established ChIP assays with the minute amounts of genomic
DNA available from early embryonic gonads. The analysis re-
vealed that GATA4 indeed occupies the Sry promoter region in
gonadal cells (Figure S6C). This bindingwas abolished in gonads1038 Developmental Cell 23, 1032–1042, November 13, 2012 ª2012treated with the p38 signaling inhibitor SB202190 (Figure 6H).
The data hence suggest that GATA4 is phosphorylated by p38
MAPK signaling and activates the Sry promoter.
DISCUSSION
The GADD45 family has been extensively analyzed, and these
genes are thought to act as stress sensors, tumor suppressors,
and immune modulators (Hollander and Fornace, 2002; Lieber-
mann et al., 2011). Analysis of Gadd45 knockout mice has led
to the notion that the genes are dispensable for embryonic devel-
opment, because adult mice are all viable and do not present
major malformations. It was therefore wholly unexpected to
find that Gadd45g mutants are defective in male embryonic
sex determination and that these genes may play a critical role
in mammalian development. Our results indicate that GADD45G
functions in the earliest steps of male gonad specification to
regulate Sry and Sox9. Gadd45g is specifically expressed in
the genital ridge, in SF1 positive, bipotential somatic cells. In
the male these precursors become Sertoli cells under the influ-
ence of SRY and SOX9, and this requires GADD45G. Because
GADD45G is expressed in both males and females, the key
decision point for sex determination is not Gadd45g, but rather
whether or not Sry is present. GADD45G therefore provides anElsevier Inc.
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lates Sry and the cell lineage that governs sex-specific gonadal
development.
Although Sry is the master regulator of sex determination, little
is known about how the gene is regulated. Our analysis shows
that DNA demethylation of its proximal promoter precedes Sry
expression by several hours (5–6 ts versus 11 ts, Hacker et al.,
1995). Thus, Sry demethylation is, to our knowledge, the earliest
male-specific event in embryonic gonads. In Gadd45g mutants
Sry demethylation occurs on schedule, despite reduced and
delayed expression of Sry. Likewise, active H3K4me3 marks at
the Sry gene are unaffected in mutants. This suggests that the
Sry locus is poised for expression, ready to be activated by
incoming signals.
Rather than by DNA demethylation, GADD45G functions in
sex determination by promoting p38 MAPK signaling. Specifi-
cally, activation of MAP3K4 is one of the best-characterized
cellular activities of GADD45G (Chi et al., 2004; Lu et al., 2001;
Takekawa and Saito, 1998). MAP3K4 contains an N-terminal
autoinhibitory domain, which prevents substrate interaction.
GADD45G binds near the inhibitory domain and relieves this
autoinhibition (Mita et al., 2002; Miyake et al., 2007). Consistent
with GADD45G acting through MAPK signaling, (1) Map3k4 and
Gadd45g mutants show a very similar sex-reversal phenotype,
with reduced and delayed onset of Sry expression (Bogani
et al., 2009; this study); (2) GADD45G is necessary and sufficient
for MAPK signaling in gonads; and (3) MAPK activation by Aniso-
mycin can reactivate Sry in Gadd45g mutants. Moreover, p38
alpha/beta double-mutant embryos show complete male-to-
female gonadal sex reversal (Warr et al., 2012). Finally, p38
MAPK signaling also plays a role during later stages of gonado-
genesis in specifying male fate in germ cells (Ewen et al., 2010).
Collectively, these data corroborate the notion that MAPK
signaling plays a crucial role in male gonadal development.
Our results implicate GATA4 as a link betweenMAPK signaling
andSry regulation.MouseGata4 is strongly expressed ingonadal
somatic cells prior to and during the time of sex determination
(Viger et al., 1998). Transgenic mice with a Gata4 mutation that
disrupts its ability to interact with its transcriptional partner
FOG2 show reduced Sry expression and XY sex reversal, similar
to Gadd45g mutants (Tevosian et al., 2002). Reporter assays in
HeLa cells and a pig Sertoli cell line have shown that GATA4
can transactivate theSrypromoter (Miyamoto et al., 2008).More-
over,Warr et al. (2012) demonstrate that GATA4 phosphorylation
is impaired inGadd45gmutantmice. Thus, ourChIP experiments
support that GATA4 transactivates the Sry promoter and that
GATA4 phosphorylation is critical for Sry regulation in vivo.
The results suggest a signaling cascade for Sry expression:
MAP3K4 and GADD45G transduce the p38 MAPK pathway,
which phosphorylates and thereby activates GATA4. Phospho-
GATA4 then binds and activates the Sry promoter to induce
the male program. When the p38 MAPK pathway is inhibited,
such as inMap3k4 or Gadd45g mutants, or by pharmacological
interference, GATA4 phosphorylation is impaired and Sry
expression is disrupted, leading to sex reversal.
This study raises a number of questions. Which stimuli may
activate the p38 MAPK cascade in somatic gonadal cells?
Candidate signals that engage the p38 MAPK cascade are, for
example, insulin growth factors, because mutation of theirDevelopmentareceptors (Ir, Irr, Igf1r) induces XY sex reversal in mice (Nef
et al., 2003). Which other target genes are regulated by phos-
pho-GATA4? Besides Sry, Amhmay be another target, because
its promoter is directly regulated by GATA4 (Tremblay et al.,
2001; Viger et al., 1998;Watanabe et al., 2000).Which other tran-
scription factors are regulated by p38 phosphorylation? GATA4
is likely only one of several other p38 target proteins that may
impact gonadal somatic cell development. For example, SF1 is
regulated by MAPK phosphorylation (Desclozeaux et al., 2002;
Hammer et al., 1999), and this may contribute to Sry and Sox9
transcriptional activation (Pilon et al., 2003; Sekido and Lovell-
Badge, 2008). Clearly, more work has to be done to prove the
proposed cascade, but our study adds to the framework for
such future analyses.
EXPERIMENTAL PROCEDURES
Animals, Staging, and Dissection
Gadd45g mutant mice and SF1-EGFP transgenic mice (Cai et al., 2006;
Stallings et al., 2002) were backcrossed for more than three generations into
C57BL6/N background. SF1-EGFP and Gadd45g;SF1-EGFP mice were
used for FACS. We confirmed that the sex-reversal penetrance in the SF1-
EGFP transgenic background was unchanged (data not shown). Genotyping
PCRs of Gadd45g and SF1-EGFP mice and for the chromosomal sex was
performed using the primers listed in Supplemental Experimental Procedures.
Females were time-mated with males overnight for embryo dissections.
Noon of the day of vaginal plug detection was considered as embryonic day
0.5 postcoitum. Pregnant females were sacrificed and embryos were
dissected in ice-cold PBS except for the isolation of urogenital ridges and
primary gonadal cells described below. Embryos were staged by counting
tail somites as described, where E10.5 corresponds to approximately 8 ts,
E11.5 to 18 ts, and E12.5 to 30 ts (Hacker et al., 1995; see also Supplemental
Experimental Procedures).
Mice were housed according to international standard conditions, and all
animal experiments were performed in accordance with national and interna-
tional guidelines andwith the approval of the Ethical Committee on animal care
and use of Baden-Wu¨rttemberg and Rhineland-Palatinate, Germany.
Histology and In Situ Hybridization
Internal genitalia were dissected from mice 3–4 months old, fixed in 4%
paraformaldehyde (PFA) overnight (o/n) at 4C, and photographed to assess
the anatomy. For histological analyses, trunks from E14 embryos were
dissected, fixed as above, and paraffin embedded, and standard hematoxylin
and eosin (H&E) staining was performed on 5 mm paraffin sections.
In situ hybridization on sections and whole mount ISH (WISH) with chro-
mogen NBT/BCIP staining was essentially carried out as described (Kaufmann
et al., 2011; Wildner et al., 2008). See Supplemental Experimental Procedures
for a detailed description and the protocol for double fluorescence ISH. Anti-
sense riboprobes were synthesized using Digoxigenin (DIG) or Fluorescein
(FITC) RNA labeling mix (Roche) according to the manufacturer’s instructions.
See Supplemental Experimental Procedures for the probe templates gener-
ated by PCR cloning.
The H&E-stained sections and chromogen ISH on sections were imaged
with a DM LB2 or a DM2500microscope (both Leica). Dissected adult genitalia
or embryonic genital ridges fixed or after WISH were imaged with a digital SLR
camera, a SMZ1500 stereomicroscope (Nikon), or a SteREO Discovery V.20
stereomicroscope (Zeiss), respectively. Double-fluorescence ISH and immu-
nofluorescence on sections were imaged with a SP5 confocal microscope
(Leica). Images were processed with Adobe Photoshop software.
Cell counts were performed on images of sagittal sections of three wild-type
or mutant and control animals, respectively. More than 65 cells per sample
were analyzed for colocalization.
Plasmids
Mouse Gadd45g was cloned into pCS2+ vector containing a N-terminal myc
tag. For transfection control, pCS2+EGFP was used.l Cell 23, 1032–1042, November 13, 2012 ª2012 Elsevier Inc. 1039
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Embryos were dissected and genital ridges isolated and collected in L15
medium (without phenol red; Invitrogen) at room temperature. Genital ridges
were cultured essentially as described (Hiramatsu et al., 2009). Briefly, single
urogenital ridges were transferred to Isopore membrane filters (TMTP01300,
Millipore) floating on culture medium (DMEMwith high glucose, without phenol
red and L-Glutamine [Lonza], containing 5% charcoal-stripped FBS [Invitro-
gen]). Alternatively, urogenital ridges were subjected to hanging drop culture
(Bernard et al., 2012). Some samples were cultured in the presence of
25 mM p38 inhibitor SB202190 (Bogani et al., 2009, from Sigma), 25 mM
MEK1/2 inhibitor U0126 (Bogani et al., 2009, from Sigma), 0.3 mg/ml MAPK
activator Anisomycin (Calbiochem), or DMSO. Samples were incubated for
30 min to 4 days at 37C and 5% CO2 and then subjected to qPCR, western
blot analyses, ISH, or ChIP.
Primary gonadal cells were obtained from 8–10 E11.5 gonads separated
from mesonephroi. Cells were dissociated with 0.01% Trypsin (Invitrogen),
5 mM EDTA, at 37C for 3 min and washed with PBS. About 10,000 cells
were mixed with 2.5 mg plasmid DNA in 200 mOsmol/kg electroporation buffer
(Eppendorf) and electroporated in a 10 ml pipette tip with one pulse of 20 ms
and 1,200 V using the Neon Transfection System (Invitrogen). Electroporated
cells were incubated in 96-well cell culture plates for 2.5 hr in culture medium
at 37Cwith 5%CO2. Cells were lysed in 30 ml cell lysis buffer (50 mM Tris-HCl
[pH 8.0], 10 mM EDTA, 1% SDS, 1 mM NaF, 1x protease inhibitor cocktail
[complete, Roche]) for western blot analysis.
Fluorescence-Activated Cell Sorting
GFP positive genital ridges from E10.5–E11.5 SF1-EGFP embryos were incu-
bated for 3 min in 0.01% Trypsin (Invitrogen), 5 mM EDTA, at 37C and disso-
ciated by pipetting. Cells were pelleted (7 min at 1,500 rpm) and resuspended
in 100 ml cold PBS. Single-cell suspensions were obtained by passing the cells
through a 35 mm cell strainer (BD Bioscience). Cells were sorted using a BD
FACSAriaII cell sorter (BD Bioscience) with FSC/SSC and SSC-A/SSC-W
gates selecting single intact cells and then according to their EGFP fluores-
cence level into GFP negative (), GFP low (+), and GFP high (++) fractions.
RNA Extraction, Quantitative RT-PCR
Total RNA was extracted from E10.5–E12.0 genital ridges, cultured genital
ridges and FACS-purified cells stored in RNAlater (SigmaAldrich) or RLT buffer
(QIAGEN) at 20C or 80C. RNA was extracted with the RNeasy Mini Kit
using on-column DNase digestion (QIAGEN) and cDNA was synthesized
with Superscript II reverse transcriptase and random primers (Invitrogen).
Quantitative RT-PCR was carried out on a LightCycler480 (Roche) using
theUniversal ProbeLibrary (UPL)System (Roche). Primersweredesignedusing
the UPL Assay Design Center (Roche) choosing intron spanning assays.
Primers and UPL probes are listed in the Supplemental Experimental Proce-
dures. Data were analyzed using the LightCycler480 Software v1.5 (Roche)
with Abs Quant/2nd Derivative Max type of analysis and normalization to Tbp.
To determine the significance of the observed differences, a Student’s t test
for a two-tailed distribution and a two-sample unequal variance was applied.
Western Blot Analysis
Gonads separated from mesonephroi were dissected from E11.0-E12.0
and directly lysed in gonad lysis buffer (0.125 M Tris [pH 6.8], 10% Glycerol,
2% SDS, 5% b-Mercaptoethanol, 10 mM EDTA, 1 mM NaF). Lysates were
boiled for 5 min and subjected to standard SDS-PAGE and western blotting.
Antibodies used were an affinity-purified guinea pig polyclonal antibody raised
against full-length recombinant mouse GADD45G protein (1:1,000), rabbit
monoclonal anti-phospho (T180/Y182) p38 (1:1,000; Cell Signaling, 9215),
rabbit polyclonal anti-p38 (1:1,000; Cell Signaling, 9212), mouse monoclonal
anti-phospho (S10) Histone H3 (1:5,000; Abcam, ab14955), rabbit polyclonal
anti-Histone H3 (1:10,000; Abcam, ab1791), mouse polyclonal anti-a-tubulin
(1:10,000; Sigma, T5168), mouse polyclonal anti-GFP (1:2,000; Dianova,
7227), rabbit polyclonal anti-phospho (S105) GATA4 (1:1,000, Abcam,
ab5245), and goat polyclonal anti-GATA4 (1:1,000, Santa Cruz, sc-1237).
Chromatin Immunoprecipitation
ChIP was essentially performed as described (Dahl and Collas, 2008). In brief,
E11.5 urogenital ridges were dissected and gonads or mesonephroi were1040 Developmental Cell 23, 1032–1042, November 13, 2012 ª2012separated. Crosslinking was performed for 8 min in 1% PFA/PBS at room
temperature and terminated by adding 1 M glycine. Fixed tissues were stored
at 80C. Eight male gonads or mesonephroi were pooled. Sonification was
performed in a Bioruptor Next Gen (Diagenode) with 15 cycles of 30 s on/
off. IPs were carried out with 2.4 mg of the following antibodies: goat polyclonal
anti-GATA4 (Santa Cruz, sc-1237), rabbit polyclonal anti-Histone H3 tri-methyl
K4 (Abcam, ab8580), rabbit polyclonal anti-pan-acetyl-Histone H3 (Millipore,
06-599), rabbit control immunoglobulin G (Abcam, ab46540), and goat control
immunoglobulin G (Abcam, ab37373). Primer sequences are listed in
Supplemental Experimental Procedures. To determine the significance of
the observed differences, a Student’s t test was applied.
Bisulfite Sequencing
Bisulfite sequencing (BS) of the Sry promoter was essentially performed as
described (Hajkova et al., 2002). Briefly, gonads and mesonephroi separated
from 15–22 ts embryos or FACS-purified cells from 8–15 ts SF1-EGFP
embryos were lysed in 100 ml BS-lysis buffer (5 mM Tris-HCl [pH 8.0],
17.5 mM EDTA, 0.5% SDS, 37.5 mM NaCl). Cell lysates were incubated with
0.2 mg/ml Proteinase K (Roche) and 5 mg yeast tRNA (Sigma Aldrich) for 3 hr
at 50C. Genomic DNA was purified by Phenol-Chloroform extraction and
resuspended in 4 ml H2O. DNA was embedded in Low-Melt-Agarose (Lonza)
and incubated with sodium metabisulfite (Merck) and hydroquinone (Sigma)
for 5 hr at 50C for bisulfite conversion. Bisulfite PCR was carried out with
AccuPrime Taq Polymerase using Buffer II (Invitrogen). Primer sequences
are listed in the Supplemental Experimental Procedures. PCR products were
gel-purified with QIAquick gel extraction kit (QIAGEN) and subjected to 454
sequencing with Titanium reagents on a GS Junior or a GS FLX+ system
(Roche).SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at http://dx.doi.org/10.
1016/j.devcel.2012.09.014.
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